High voltage pulsed galvanic stimulation (HVPGS) and low voltage neuromuscular stimulation (LVNMS) techniques were compared for peak torque of an induced isometric contraction, perceived discomfort, and subjective preference of treat ment. The high voltage current used a 40-µsec monophasic waveform, and the low voltage current used a 300-µsec biphasic waveform. Both currents used a pulse rate of 50 pps. Both HVPGS and LVNMS were administered to one muscle group, either knee extensors or plantar flexors, of 24 healthy subjects. An isokinetic dynamometer was used to assess peak torque. The perceived discom fort experienced with each type of electrical stimulation was quantified by the use of a visual analog scale. For all dependent measures, data first were analyzed for the whole treatment group and then analyzed for each subgroup. Correlated t tests for the whole group and the plantar flexor muscle subgroup demonstrated that 1) HVPGS produced a significantly greater average peak force of muscle contraction than LVNMS and 2) HVPGS was perceived to be significantly less uncomfortable than LVNMS. No significant differences were found between treatments in the knee extensor muscle subgroup for these dependent variables. Chi-square analysis revealed a subject preference for HVPGS in the whole group and in both subgroups. This study indicates that HVPGS can produce a stronger, less uncomfortable, induced isometric muscle contraction than LVNMS. 
) also is used. Controversy exists regarding the use of the term "galvanic" to describe a current with short pulse duration because of the traditional association of galvanic current with either uninterrupted ion flow or flow interrupted only after a very long pulse duration. 21 The use in this article of the term high voltage pulsed galvanic stimulation, however, is consistent with the operational definition approved by the American Board of Physical Therapy Specialties (formerly the Board of Certification of Advanced Clinical Competence in Physical Therapy). 22 Recent electrotherapy texts and HVPGS manuals suggest that HVPGS is superior to LVNMS in two respects: comfort and depth of penetration. 17, 18 The decreased discomfort of HVPGS is attributed to its very short pulse duration and low average current. 17 Its deeper penetration is purportedly a function of its high peak current. 17 , 18 The deeper penetration should affect more motor units, thereby inducing a stronger contraction than LVNMS, which has a much lower peak current. An extensive literature review, however, revealed no research documentation that HVPGS either is less uncomfortable or results in a stronger contraction than LVNMS. Clearly, objective documentation is needed on this subject.
The purpose of this study, therefore, is to compare HVPGS to LVNMS in terms of the strength of an induced muscle contraction and perceived discomfort. The null hypothesis that was tested stated that no significant differences exist between LVNMS and HVPGS for the following three dependent measures: 1) the foot-pounds of torque produced by an electrically induced isometric contraction, 2) the perceived discomfort associated with each type of stimulation, and 3) subjective preference of treatment.
METHOD Subjects
Twenty-four subjects (9 men and 15 women) between 19 and 35 years of age ( = 24 years) and with no known neurological or orthopedic dysfunction affecting the right lower extremity participated in this study. The subjects refrained from vigorous exercise for two hours before testing. This study was approved by the institutional research review committee. The subjects signed informed consent forms before participation.
Equipment and Materials

I used a Respond
® II neuromuscular stimulator* (Model 3128) to provide LVNMS and a Dynamax II stimulator † to provide HVPGS. The specific characteristics of the waveform used in this study are summarized in Table 1 . The electrodes provided by the manufacturer of each unit were used, although they required adjustment because their sizes and shapes differed. Alon recently demonstrated that electrode size is an important factor in determining the strength of a muscle contraction. 23 The LVNMS electrodes, therefore, were cut, and portions of the stimulating surfaces of the HVPGS electrodes were covered with nonconductive tape so that the stimulating surface of the rectangular LVNMS and circular HVPGS electrodes were equal in shape and size, about 40 cm 2 . Neuromod transcutaneous electrical nerve stimulation electrode gel* was used as the conducting medium. For the HVPGS treatment, the 500-cm 2 dispersive electrode provided by the manufacturer was used.
Isometric muscle contraction peak torque was measured with a Cybex ® II isokinetic dynamometer ‡ and recorded with a dual-channel strip chart recorder. ‡ The Cybex ® UpperBody-Exercise and Testing (UBXT ) table ‡ and the Cybex ® Super-Heavy-Duty (SHD) Exertest tablet were used to maintain the subject's right lower extremity in the desired testing position. At the beginning of each testing day, the dynamometer was calibrated according to the manufacturer's instructions. 24 The perceived pain intensity associated with the use of each form of electrical stimulation was evaluated with a visual analog scale (VAS), a 10-cm horizontal line with distinct 1-cm demarcations at each end. The left end of the line represented "no pain at all" and the right end represented "the worst pain imaginable." The procedures for using this scale are described in the next section. The reliability and validity of this scale for evaluating the subjective perception of pain intensity is well documented. [25] [26] [27] Price et al have validated the use of ratio-level comparisons with the VAS. 25 
Procedures
Each subject was treated twice, usually on consecutive days. During each treatment visit, the subjects received HVPGS and LVNMS, sequentially and randomly, using the device settings summarized in Table 1 . Additionally, the subjects were divided randomly into two subgroups: all testing was performed on the knee extensor muscles of the 10 subjects in one subgroup, and all testing was performed on the plantar flexor muscles of the 12 subjects in the other subgroup. Two muscle groups were tested to ensure that the results obtained were not simply a function of one particular muscle group. Immediately before the first treatment session began, two electrode placement points were located using the following techniques. With a 2-pps stimulation, the hand probe of the HVPGS unit was moved slowly over the anterior thigh or calf (dependent on subgroup assignment) until the two points yielding the greatest contraction of the assigned muscle group, with the least co-contraction of the surrounding muscles, were located. These points were marked with ink and, if necessary, excessive hair was removed from them. One treatment electrode was then attached to each of these two treatment sites using electrode gel and skin-tape patches in preparation for the first treatment session. For the HVPGS treatment, an additional large dispersive electrode was placed on the subject's mid-to-low back area.
During the first treatment visit, perceived discomfort and subjective preference of treatment were measured using the following procedures. The subjects received two random sixminute treatments, one with HVPGS and one with LVNMS. During the first four minutes of each treatment, the intensity of the current was increased gradually to each individual's subjective maximum-tolerance level. The subjects were instructed:
The intensity will be increased slowly until you request that it be stopped. I would like you to allow the intensity to be increased until you reach the level you consider to be your "maximum" tolerance. The stimulation will be cycling on and off at 10-sec intervals for six minutes in total. The sensation should be strong but bearable.
Each subject told the investigator when to stop increasing the intensity (ie, when the sensation was too uncomfortable). No attempt was made to encourage the subjects to accept or reject more current than they requested. Immediately after the first six-minute stimulation session, the subjects were shown a VAS and were read the following directions:
The far left-hand side of this line represents "no pain at all"; the far right-hand side of this line represents "the worst pain imaginable." Consider the discomfort you felt from this treatment. Place a mark at the point on the line that you believe represents the amount of discomfort you felt during this treatment.
The subjects then marked the scale. The same treatment procedures were performed then using the second stimulator with the electrodes attached to the same stimulation points. Immediately after this second treatment session, the directions for using the VAS were repeated. The subjects then marked a second VAS without seeing their first scale marking.
At the end of the first treatment visit, after both types of stimulation had been applied, the subjects were asked to choose one of the following three statements: 1) preferred treatment one, 2) preferred treatment two, or 3) no preference. This completed the first treatment visit.
The purpose of the second treatment visit, usually conducted the next day, was to determine the average peak force of isometric contractions produced by HVPGS and LVNMS. For this treatment visit, the subjects were positioned according to the following descriptions. Joint angle position was assessed with a standard universal goniometer using bony landmarks identified by Cole and Tobis. 28 Knee extensor muscle subgroup. Each subject was seated on the SHD table according to the manufacturer's guidelines and stabilized with thigh and pelvic straps. 24 The knee was placed at 25 to 30 degrees of flexion and the speed selector was set at 0°/sec.
Plantar flexor muscle subgroup. Each subject was positioned prone on the UBXT according to the manufacturer's guidelines, with additional foot-and-ankle stabilizations for proper force transmission through the footplate. The Cybex ® II procedural manual notes that during voluntary plantar flexion the intrinsic muscles of the foot contract to hold the foot firmly against the footplate. 24 During pilot testing, we noted that the electrically induced plantar flexion contraction was not accompanied by contraction of the intrinsic muscles of the foot, thus, allowing the heel to lift off of the footplate when standard procedures were implemented. Additional stabilization, therefore, was provided to maintain proper foot contact with the footplate. The subject's right foot was covered with a sock and then placed into a heel cup molded to fit over the back of the footplate. The molded heel cup held the foot in about 16 degrees of inversion. The subject's right foot and ankle then were taped and strapped securely to the footplate. Care was taken not to tape over the Achilles tendon. The ankle was positioned in 5 to 7 degrees of plantar flexion and the speed selector was set at 0°/sec.
The same stimulation points, electrical characteristics (Tab. 1), and method of administering the treatments that were used during the first treatment visit also were used during the second treatment visit. During the first four minutes of treatment, the current intensity was increased slowly during the "on" portion of the duty cycle to the maximum level tolerated by the subject. The subjects were told that the sensation should be "as strong as you can tolerate for a 10-minute period of time. You are to relax and let the machine do the work." The HVPGS treatment and the LVNMS treatment each required 10 minutes to complete and were spaced 20 minutes apart. The dynamometer's recorder was set at a speed of 5 mm/sec throughout each 10-minute testing session. In all instances, the same investigator applied the electrodes, controlled the intensity, and gave the instructions to the subject.
Data Analysis
Using the Statistical Package for the Social Sciences, I used a two-tailed correlated Student's t test to analyze the mean values and the standard deviations from the means for two of the dependent measures: perceived discomfort and peak torque. Perceived discomfort values were calculated by measuring the distance, in centimeters, from the left margin (zero point) of the VAS to the subject's marking (subjective perception of pain intensity) using a standard metric ruler.
For the data analysis, peak torque was defined as the average of the peak isometric forces produced during each 10-second on cycle between minute 6 and minute 10 during the peak torque assessment. The peak torque during each on cycle was determined from the strip chart recording using the Cybex ® 11 chart data card ‡ to calculate the stylus deflection from the baseline. Treatment preference was analyzed using the chisquare statistical test.
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RESULTS
Two subjects were excluded from the data analysis. One subject, although having no known neurological or orthopedic dysfunction, demonstrated normal sensory and motor responses to LVNMS but exhibited no motor response and very little sensory response to HVPGS, even though the current intensity was increased to its highest point (ie, 500 V). This pattern of response was suggestive of early peripheral neuropathy. Further inquiry revealed that this subject was an insulindependent diabetic, and subsequent evaluation by a neurolo- gist confirmed that a mild peripheral neuropathic condition did exist in his lower extremities.
A second subject was excluded from the data analysis because the electrically induced muscle force recorded on the subject's strip chart may have been contaminated with voluntarily induced force. In all of the other subjects, a clear distinction was recorded between the "off" cycle (ie, stylus returns to baseline) and the on cycle (ie, stylus deflects from baseline). The recorded muscle force was almost constant when this subject was tested. Short bursts of high peak torques that did not appear to be related to electrical stimulation also were present. The total number of subjects included in the data analysis, therefore, was 22. Table 2 lists the VAS values and peak torque values of each subject. Table 3 summarizes the results of the correlated t-test analysis for the VAS values, and Table 4 summarizes the results of the correlated t-test analysis for the peak torque values. The HVPGS technique was found to be significantly less uncomfortable than LVNMS for the group as a whole (p < .02) and for the plantar flexor subgroup (p < .04). The HVPGS technique resulted in a significantly stronger muscle contraction than did LVNMS for the group as a whole (p < .006) and for the plantar flexor muscle subgroup (p < .03). No significant differences were found in the VAS or peak torque values for the knee extensor muscle subgroup.
The results of the chi-square analysis for subject preference are summarized in Table 5 . The group as a whole and both subgroups preferred HVPGS over LVNMS. 
DISCUSSION
For the whole group and the plantar flexor muscle subgroup, the findings of this study support the theoretical assumptions that HVPGS can produce a stronger muscle contraction and is less uncomfortable than LVNMS. The knee extensor muscle subgroup, however, did not demonstrate significant differences in either peak torque or perceived discomfort. The reason for this finding is unclear. One possible explanation may be that the final sample size (n = 10) of the knee extensor muscle subgroup was too small. Another possible explanation may be that proximal structures contain fewer sensory receptors than do distal structures. 30 An individual, therefore, may be less able to discriminate between subtle differences in painful stimuli when they are applied to the thigh, rather than to the calf. This diminished sensory capability could result in less divergent values for perceived discomfort. Because the maximum intensity of current applied to the muscle groups for each type of electrical stimulation was based on perceived discomfort (ie, each subject determined when the sensation became intolerable), less divergence also could be expected between induced torque values for the knee extensor muscle subgroup. The data summarized in Table 2 support the latter explanation. The divergence between the HVPGS and LVNMS values for the subjects in the knee extensor muscle subgroup were less pronounced than for the subjects in the plantar flexor muscle subgroup, although the responses of both subgroups were similar. This finding raises a potentially important question regarding limitations of the ability to generalize electrical stimulation research findings from one muscle group to another, especially when perceived discomfort is a factor.
The subjective preference data demonstrated that the majority of the subjects in both subgroups preferred the sensation of HVPGS over LVNMS. This is an important finding, especially when combined with the fact that a stronger cona significant at p < .05. Two interesting findings of this study are the relatively low perceived discomfort and peak torque values. The perceived discomfort values (Tab. 3), indeed, are lower than might be expected considering that the subjects were instructed to allow the current to be increased to the highest tolerable level. That this study assessed each subject's perceived discomfort during the initial exposure to electrical stimulation probably is the major reason for the relatively low perceived discomfort values. In my experience, many individuals initially are fearful of having electricity used on them. This fear' may result in subjects initially limiting their tolerance of electrical current to a level that they consider to be "safe." Indeed, the electrotherapy literature advises that the patients' fear of electricity must be overcome for the current to be increased sufficiently for effective treatment. 17, 21, 31 The use of the VAS, a measure of pain intensity rather than of the emotional components of the pain experience, during a subject's initial electrical stimulation treatment session may identify any hesitancy that may exist to tolerate the maximum level of pain intensity. 27 The relatively low peak torque values in this study probably are related to the following procedures that were implemented to ensure maximal consistency in the application of HVPGS and LVNMS: 1. Relatively small electrodes were used. Alon has demonstrated that large electrodes result in significantly greater induced torque values than do small electrodes. 23 2. Only two electrodes were used. Benton et al described application techniques using both two and three electrodes for both the knee extensor and plantar flexor muscle groups. 21 They reported that three electrodes usually will induce a stronger muscle contraction than two electrodes when applied to either the knee extensor or plantar flexor muscles. 3. The assessment of peak torque was performed after only one previous application of each type of electrical stimulation when the subjects' fear of electricity probably was still a factor in their acceptance of the electrical stimulation treatments. 4. The intensity of the current was increased only during the first 4 minutes of the 10-minute treatment session. Several subjects commented that they probably could have tolerated more current toward the end of the 10-minute treatment session. Those subjects possibly accommodated gradually to the electrical stimulus; that is, the nerve became less responsive when activated by this repetitive stimulus. 31 This gradual accommodation would result in lower sensory and motor responses. 21 Indeed, average torque values decreased slightly between minute 5 and minute 10, as depicted in the Figure. Although fatigue cannot be eliminated as a possible explanation for the decrease in torque values over time, it is an unlikely possibility. The low torque values, combined with the brief stimulation period (10-minute on-off cycling treatment), are not consistent with the rapid fatigue of normal muscle. 21 Accommodation is a more likely explanation. Another possible explanation for the low torque recordings is that co-contractions were induced electrically in the sur- rounding muscles. Contraction of stabilizing or antagonistic muscles simultaneously with that of the agonistic muscles (knee extensors or plantar flexors) would result in more than one force vector active at the joint being tested; therefore, the force being transmitted through the dynamometer would reflect the agonistic forces minus all opposing forces, not the agonistic forces alone. Despite careful electrode placement, some subjects experienced palpable contractions of surrounding muscles during the electrical stimulation that became more pronounced as the intensity was increased. These cocontractions were more common in the knee extensor muscle subgroup than in the plantar flexor muscle subgroup.
This study demonstrates that further research is needed in several related areas: 1. Although "typical" electrical characteristics were used, the use of these electrical stimulators at different frequencies, pulse widths, duty cycles, or waveforms may result in dissimilar findings. Further studies using other electrical characteristics are needed. 2. Although this study documented the initial responses of subjects to HVPGS and LVNMS, it did not assess responses that may result with increased exposure to those types of electrical stimulators. Replications of this study based on additional electrical stimulation sessions conducted before the assessment of induced torque and perceived discomfort values, thus allowing the subjects to adjust to the electrical stimulation experience, might yield useful data. This format also might result in documentation to support or refute the hypothesis that subjects are able to tolerate increased levels of current as they become more familiar with the treatment procedures and equipment. 3. Replications of this study using subjects with various diseases or limitations are needed to determine whether factors such as preexisting painful conditions or muscle atrophy will suppon or refute the findings of this study. 4. This study suggests that the magnitude of the response to electrical stimulation for both perceived discomfort and peak torque may differ based on the muscle group being tested. This factor should be investigated further. 5. Further investigation is needed into the validity of dynamometry to measure maximum muscle force generated by a given muscle during an electrically induced contraction.
CONCLUSIONS
Within the limitations of this study, the following conclusions may be stated:
1. The HVPGS technique induced a stronger isometric muscle contraction than did LVNMS, one that was more pronounced during plantar flexion than during knee extension. 2. The HVPGS technique was perceived by subjects to be significantly less uncomfortable than LVNMS. Relatively less discomfort also was experienced during plantar flexion than during knee extension. 3. The HVPGS technique was preferred by subjects significantly more often than LVNMS.
